It was demonstrated that the peak parking-moment analysis (PP-MA) method could be used as an alternative for the measurement of pore diffusivity (Dp) in porous packing materials for HPLC. The value of Dp of uracil was measured by the PP-MA method under non-retained conditions in the RPLC systems using C18-silica gel particles and C18-silica monolith as the stationary phase and 70 vol% methanol as the mobile phase. The value of Dp was compared with that derived by the pulse response-moment analysis (PR-MA) method under the same conditions. The Dp values of uracil derived by the PP-MA and PR-MA methods were almost in agreement with each other. Because the PP-MA and PR-MA methods have complementary characteristics as experimental methods for studying mass transfer kinetics, it is expected that the combination of the two methods would lead to an effective strategy for the measurement of Dp in porous separation media for HPLC.
Introduction
It is strongly required to develop fast HPLC systems with high efficiency. Recently, various types of separation media having different shapes, porosities, and other structural characteristics have been developed for this purpose. Porous materials have frequently been used in chromatography as well as other various processes, such as catalytic reaction and adsorption, which are based on surface chemical phenomena. A great advantage of porous media is the large specific surface area, which leads to an increase in the reaction capacity. On the other hand, it is their major drawback that substrate molecules must migrate across the porous materials, because actual reaction sites are located on the inner walls of meso-pores. The mass transfer kinetics in the porous materials controls their performance and efficiency.
In chromatography under linear isotherm conditions, band broadening, i.e., column efficiency, rests on the mass transfer and reaction kinetics in columns and stationary phases, i.e., (1) axial dispersion, (2) external mass transfer, (3) intra-stationary phase diffusion, and (4) real reaction or adsorption-desorption kinetics at actual functional sites. [1] [2] [3] [4] [5] [6] Some of them correspond to the A, B, and C terms of the conventional rate equations, such as the van Deemter equation. However, the contribution of (2) external mass transfer and (4) real reaction or adsorption-desorption kinetics to band broadening are not taken into account in the conventional rate theory of chromatography. Especially, under high flow rate conditions, band broadening is predominantly influenced by the mass transfer kinetics in the packing materials for chromatography. It is important to quantitatively analyze the intrinsic characteristics of molecular migration in the separation media, and to evaluate its contribution to band broadening and column efficiency. However, compared with ample works on the retention equilibrium, there have not been abundant studies on the mass transfer kinetics in the stationary phases of chromatography.
It has been reported that the pulse response (PR)-moment analysis (MA) method is one of the effective strategies for a quantitative study on the mass transfer kinetics in a chromatographic column. 2, 3 The values of the first absolute moment (μ1) and the second central moment (μ2′) are obtained from chromatographic elution peaks measured by PR experiments.
When the chromatographic behavior is theoretically analyzed by the conventional plate theory and/or the rate theory of chromatography, some parameters, such as the retention factor (k) and the number of theoretical plates (N) , are calculated from the retention time (tR) and variance (σ 2 ) of the elution peak profile. On the other hand, they are calculated from μ1 and μ2′ in the case of the MA method. Roughly speaking, μ1 and μ2′ correspond to tR and σ 2 , respectively. Then, the variations of μ1 and μ2′ with experimental conditions are analyzed on the basis of the general rate model of chromatography in order to derive information about the mass transfer kinetics in the column. [2] [3] [4] [5] [6] As described above, information about the mass transfer and reaction kinetics in the column and stationary phase can be analyzed in more detail by the MA method, compared with the conventional rate theory of chromatography. The characteristics and mechanisms of molecular migration in the separation media for chromatography have been studied by the PR-MA method. However, the PR-MA method has the following drawbacks:
(1) In order to derive accurate results of the moment analysis, measurements of accurate values of μ1 and μ2′ are essential. There are some factors that prevent the accurate measurements 2013 © The Japan Society for Analytical Chemistry of moment data. For example, an asymmetrical peak shape and base line noise cause an uncertainty about the time range, in which an elution peak profile is appropriately integrated. The influence of the extra-column volumes on the values of μ1 and μ2′ must also be corrected. It is preferable to use columns packed with relatively coarse separation media in order to minimize the extra-column effects on the moment analysis.
(2) The procedure of data analysis is relatively complicated. Additionally, information about the value of some kinetic parameters (e.g., external mass transfer coefficient (kf) and pore diffusivity (Dp)) is essential for a moment analysis of chromatographic data. They are experimentally measured or numerically estimated. The accuracy in a measurement or estimation of the kinetic parameters influences that of the results of the moment analysis.
(3) It is preferable to acquire as many experimental data points as possible in order to derive accurate results of the moment analysis. A series of elution peaks must be measured while changing the mobile phase flow velocity over a wide range. Usually, this procedure is both tedious and time-consuming.
There is an alternative for a quantitative study on the molecular migration in chromatography.
It is the peak parking (PP)-moment analysis (MA) method. 7 In the case of the PP method, after a sample pulse is injected into a column in the same manner as in the PR experiments, the sample band is continuously eluted at a constant velocity under isocratic conditions until it reaches around an axially middle part of the column. Then, the flow of the mobile phase is interrupted for a while, which is called the peak parking time (tp). The sample band diffuses in the axial direction of the column under the equilibrium conditions of the solute distribution between the stationary and mobile phases, because there is no convective flow in the column during tp. The band elution is resumed after tp in order to completely observe the elution peak profile. The peak recorded in the PP method is broader than that recorded in the PR method, i.e., tp = 0 s, because of the additional band broadening due to axial molecular diffusion taking place in the column. Information on the mass transfer kinetics in the column and stationary phase can be derived from the analysis of the additional band broadening during tp.
The PP-MA method has some advantages, which complement the disadvantages of the PR-MA method described above.
(1) The accuracy required for the measurement of absolute values of μ1 and μ2′ of elution peaks in the PP-MA method is not quite as good as that required in the PR-MA method, because information about the mass transfer kinetics is derived from an analysis of the additional band broadening during tp. Only the accurate measurement of the increment of μ2′ during tp is required. Because accurate information about the absolute value of μ2′ is not necessary, there is usually no need to correct for the influence of the peak asymmetry or for that of the extra-column volumes on μ1 and μ2′. The relative influence of these two contributions decreases with increasing tp, because the sample band diffuses symmetrically in the axial direction of the column during tp. The longer the peak parking time, the more symmetrical the elution peak profile. It is expected that small experimental errors have little influence on the analysis of mass transfer kinetics in the PP-MA method. In conclusion, the PP-MA method permits accurate measurements of the kinetic parameters of mass transfer in the column and separation media having small particles, which are now by far the most popular.
(2) The procedure of the data analysis in the PP-MA method is simpler than that in the PR-MA method. It is not usually required to estimate the values of kf and/or Dp in the PP-MA method. The accuracy in the measurement, or estimation of the kinetic parameters, has no influence on that of the analytical results of the mass transfer kinetics. Additionally, no information about the size of packing materials is required for data analysis in the PP-MA method. The information is essential in the PR-MA method.
(3) In comparison with the PR-MA method, kinetic information can be derived from a small number of experimental data using the PP-MA method. Although the experimental procedure is also time-consuming, it is easier to conduct and labor-saving when the PP-MA method is used.
As explained above, the two methods, i.e., PR and PP methods, complement each other very well. It is expected that the PP-MA method is useful for studying the mass transfer kinetics in stationary phases. In this study, it was tried to apply the PP-MA method to derive information about pore diffusion in porous packing materials. Then, the information derived by the PP-MA method was compared with that by the PR-MA method in order to demonstrate that the PP-MA method is also useful for a kinetic study on pore diffusion. Pore diffusion must be taken into account when the influence of molecular migration of sample molecules in porous separation media on band broadening in the column is quantitatively explained. [2] [3] [4] [5] [6] [7] Pore diffusion in two types of separation media for HPLC, i.e., full-porous spherical particle and full-porous silica monolith, were studied in this study.
Theory

Pulse response-moment analysis (PR-MA)
The PR-MA method is one of the effective strategies for quantitative studies of chromatographic behavior, because information about the retention equilibrium and mass transfer kinetics can be derived from μ1 and μ2′ of the elution peaks, respectively. A brief explanation of the PR-MA method is provided in the following. Further details concerning the method can be found in the literature. [2] [3] [4] [5] [6] The value of μ1 is defined, and is correlated with the retention equilibrium constant (Ka), as follows:
where Ce(t) is the peak profile (concentration as a function of time (t)), L the column length, u0 the superficial velocity of the mobile phase, εe the external porosity of column, and εi the internal porosity of porous separation media. In this study, PR experiments were carried out under the conditions that solute molecules cannot be retained on the stationary phase surface. The value of Ka is equal to zero. The value of μ2′ consists of the contributions of four kinetic processes in the column, i.e., δax, δf, δd, and δads. They are represented as Eqs. (4) - (7), which respectively include four kinetic parameters, i.e., the axial dispersion coefficient (DL), external mass transfer coefficient (kf), intra-stationary phase diffusivity (De), and adsorption rate constant (ka). As explained earlier, some of them correspond to the A, B, and C terms of the conventional rate equations. However, the influence of some additional terms, which are not considered in the conventional rate theory of chromatography, on peak spreading is analyzed in the case of the MA method. Some characteristics and mechanism of several kinetic processes in the column and stationary phases are more accurately analyzed by the MA method than by the ordinary rate theory. 
Ce t t dt
Ce t dt
Here, Rp is the average radius of the stationary phase particles. When a silica monolithic column is used, Rp is the average radius of the silica skeleton. In addition, the two numerical coefficients in Eqs. (5) and (6), i.e., 3 and 15, must be replaced by 2 and 8, respectively. In the case of reversed-phase liquid chromatography, the contribution of δads to μ2′ is usually assumed to be negligibly small, because chromatographic retention takes place due to physical adsorption. The combination of Eqs. 
The experimental value of HETP is expressed as Htotal, because it is the sum of the contributions of the three mass transfer processes, as explained in Eq. (8) .
A number of correlations have been proposed for estimating kf. The Wilson-Geankoplis equation is one of them, which was derived on the basis of kf values measured in a system consisting of spherical particles of benzoic acid, of which diameter was 6.3 mm, and water. 8 Three nondimensional parameters, i.e., Sh (= kfdp/Dm), Re (= u0dpρ/η), and Sc (= η/ρDm), are correlated as follows:
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where Dm is the molecular diffusivity, ρ the density, and η the viscosity. The value of Hf can be calculated from kf estimated by Eq. (9), as indicated in Eqs. (5) and (8) .
The value of Dm was estimated by the Wilke-Chang equation. 9 It seems that it is most frequently used for estimating Dm of small molecules in liquid phase systems,
where T is the absolute temperature, α the association coefficient, M the molecular weight, η the viscosity, and Vb the molar volume at a normal boiling point. The subscripts, sv and a, stand for the solvent and solute molecule, respectively. The axial dispersion coefficient (DL) of conventional HPLC columns packed with spherical particles is usually accounted for by assuming that axial dispersion consists of two main mechanisms, i.e., molecular diffusion and eddy diffusion,
where γ1 and γ2 are two geometrical coefficients and dp is the particle diameter. Experimental data measured using a silica monolithic column were analyzed in the same manner as a silica gel particle column in this study, although the shape of a silica monolith is a fiber rod, rather than a spherical particle. Equation (8) is modified as follows by substituting Eq. (11) into Eq. (8) because Hf can be calculated as described above. 
Equation (12) indicates that the correlation between (Htotal -Hf) and u0 is represented by the same formula as the van Deemter equation including three coefficients, i.e., A, B, and C.
However, Eq. (12) is essentially different from the van Deemter equation in terms of the following two points. First, the contribution of the external mass transfer (Hf) to Htotal is also taken into account in Eq. (12). Second, the definition and physical meanings of parameter C in Eq. (12) are clearly explained. As shown in Eqs. (6) and (12), quantitative information about mass transfer kinetics in the stationary phase can strictly be obtained as De from coefficient C. These are obvious differences between the van Deemter equation and the moment equation.
The diffusive molecular migration in pores is usually assumed to consist of the parallel contributions of pore diffusion and surface diffusion, 2, 3, [5] [6] [7] De = Dp + (1 -εi)KaDs (13) where De is the intra-stationary phase diffusivity, Dp the pore diffusivity, and Ds the surface diffusion coefficient. As described above, PR experiments were carried out in this study under the non-retained conditions, i.e., Ka = 0. The value of Dp of a non-retained solute is equal to that of De, which is derived from the coefficient C as indicated in Eqs. (6) and (12). Although another correlation has been proposed for representing the contributions of Dp and Ds to De, 10 it also indicates that Dp = De under the non-retained conditions.
Peak parking-moment analysis (PP-MA)
The PP method, which is also called stopped-flow or arrested-flow method, was originally proposed by Knox and McLaren for measuring the value of diffusion coefficient in gas chromatography (GC) systems and that of obstructive factor of various GC packing materials.
11 It was applied to a study of the mass transfer kinetics in HPLC systems.
12-14 The PP and PR methods complement each other very well because they have different characteristics as experimental methods for the study of mass transfer kinetics. 7 It is expected that the combination of the PP and PR methods leads to an effective strategy for the kinetic study on mass transfers in chromatography.
In the PP-MA method, the additional band broadening during tp is analyzed to derive information about the mass transfer kinetics in the column. The elution peak broadens due to the axial diffusive migration of sample molecules during tp. The value of μ2′, i.e., variance (σax,t 2 ), is correlated with tp as follows:
where Dax,t is the total axial dispersion coefficient, which represents the sum of the contributions of molecular diffusion in the mobile phase between the separation media, in the stagnant mobile phase in pore space in the separation media, and in the stationary phase. Sample molecules axially migrate through the three regions available in the mobile and stationary phases. 
where γe and γi are the obstructive factor for molecular diffusion in the two different types of mobile phases, respectively, and εt the total porosity of the column (εt = εe + (1 -εe)εi). Information about pore diffusion can be obtained from PP-MA experiments under non-retained conditions. Equation (16) 
where γm represents the contribution of molecular diffusion in the two different types of mobile phase to the longitudinal band broadening in the column. From Eq. (17), γi is represented as follows.
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The value of γe can be obtained by the PP-MA method, using a solute with a sufficiently large molecular weight under non-retained conditions. Because the molecules of a large molecular weight cannot penetrate into the mesopores, Dax,m,e in Eq. (15) 
The pore diffusivity (Dp) is calculated from γi in Eq. (18) and Dm as follows.
In this study, the value of Dp measured by the PP-MA method was compared with that by the PR-MA method.
Experimental
Column and reagents Two columns were used in this study. One was an ODS column (YMC, Japan) (6.0 × 150 mm) packed with C18-silica gel particles (dp = 50.6 μm). Another one was a C18-silica monolithic column (Merck, Germany) (4.6 × 100 mm). Both the columns were used for PR and PP experiments under non-retained conditions in order to derive Dp of uracil in a RPLC system.
A mixture of methanol (HPLC grade) and water (70/30, v/v) was used as the mobile phase solvent for the PR and PP measurements. Water was prepared by distilling ion-exchanged water. Because uracil was used as the sample compound, the PR and PP experiments were carried out under non-retained conditions. Uracil was of reagent grade and used without further purification. Its solutions were prepared by dissolving uracil into the aqueous solution of methanol at a concentration of 0.1 mg mL -1 . Information about the porosities (εt, εe, and εi) of the columns were determined by inverse size exclusion chromatography (ISEC), 16 in which a series of polystyrene standards of different molecular weights (Mw = 5.8 × 10 2 to 3.25 × 10 6 ) and benzene were used as probe compounds. THF was used as the mobile phase solvent for ISEC measurements. The concentration of the probe compounds in THF was 1 mg mL -1 . The PP experiments were carried out by using benzene and one of the polystyrene standards, of which the molecular weight was ca. 3.0 × 10 4 , as the probe compounds.
Apparatus
The PR and PP experiments were carried out using a HPLC system, which consists of a high pressure pump (PU-2080) (JASCO, Japan), a 7725 valve injector (10 μL) (Rheodyne, USA), and an UV-VIS spectrophotometric detector (UV-2085) (JASCO, Japan). A thermostated water bath (NCB-1200) (Eyela, Japan) was used for keeping the column temperature at 298 K. BOWIN software (JASCO, Japan) was used for acquiring and analyzing the experimental data.
Procedures
All of the PR and PP experiments were carried out under non-retained conditions in both the SEC and RPLC modes.
(1) The PR experiments in ISEC were carried out by injecting the sample compounds (benzene and polystyrene standards of the different molecular weights) into the columns. Information about the porosities (εt, εe, and εi) of the columns was derived from the elution position of the sample components.
(2) The PP experiments in SEC mode were carried out in order to measure the obstructive factors (γm, γe, and γi) in Eq. (17) . The value of γe was derived from the PP experimental data measured by using a polystyrene standard (Mw = ca. 3.0 × 10 4 ). On the other hand, γm was obtained by the PP experiments using benzene as the probe compound. According to Eq. (18), the value of γi was calculated from those of γe and γm.
(3) PR experiments in RPLC mode using uracil as an inert tracer were carried out. The volumetric flow rate of the mobile phase solvent, i.e., methanol/water, 70/30 (v/v), was changed from 1.0 to 3.0 mL min -1 in order to measure the flow rate dependence of Htotal. The flow rate range was chosen so that the contribution of molecular diffusion (B-term) to Htotal would be about 2% or less. The dependence of Htotal on the mobile phase flow velocity was analyzed by subtracting the contributions of the several mass transfer processes to band broadening in order to derive Dp. The value of εt calculated from the elution position of uracil was compared with that measured in the ISEC experiments using benzene as the probe compound, because the PR experiments were also carried out under non-retained conditions.
(4) The PP experiments using uracil were also carried out under non-retained conditions in RPLC mode in order to measure the obstructive factor (γm). After a small sample pulse of uracil was injected into the columns, chromatographic elution was continued under isocratic conditions at constant flow velocity of the mobile phase solvent until the sample band reaches a longitudinally middle part of the columns. Then, chromatographic elution was interrupted for tp in order to diffuse the sample band in the axial direction of the columns under the conditions that there was no convective flow of the mobile phase. The value of tp was changed according to the experimental conditions, such as the molecular weight of the probe compound and the column efficiency. Chromatographic elution was resumed at the end of tp in order to completely elute the sample band from the columns. The value of μ2′ of the elution peaks was analyzed to derive γm of the columns. The value of γm measured in RPLC mode using uracil was compared with that measured in ISEC mode using benzene.
When both the PR and PP experiments were carried out, the mobile phase flow velocity was measured a few times for each experiment, for example, at the beginning and the end of each run. The column temperature was checked at every sample injection. It was confirmed that, throughout all of the experiments, the relative error on the mobile phase flow velocity was less than 1%, and the column temperature was kept at 298 ± 0.1 K.
Data analysis
As explained earlier, Dp was derived by both the PR-MA and PP-MA methods. In the case of the PR-MA method, it is required to subtract the contributions to band broadening of several kinetic processes taking place in the column. Acquisition of accurate values of μ1 and μ2′ is also required in order to appropriately analyze the chromatographic behavior by the MA procedure. Corrections are needed for the values of μ1 and μ2′ measured in PR experiments. The values of μ1 and μ2′ experimentally measured include the contributions due to the extra-column volumes between the injection valve and the column, and between the column and the detector. The influence of these extra-column volumes on the peak elution time and on their band broadening were measured by making the same PR experiments without the column. The net values of μ1 and μ2′ in the PR experiments were calculated by subtracting the extra-column contributions from the experimental values of μ1 and μ2′. On the other hand, the influence of μ1 and μ2′ of a sample pulse injected on the values of μ1 and μ2′ of an elution peak was neglected because of the small volume of the sample pulse.
Results and Discussion
Determination of porosities
Information about the porosities (εt, εe, and εi) of the two columns was obtained by the ISEC method, in which THF and polystyrene standards were used as the mobile phase solvent and probe compounds, respectively. Open circles in Fig. 1 show plots of the C18-silica gel column. The values of εe and εt were determined as 0.37 and 0.69, respectively. The internal porosity (εi) of the C18-silica gel particles was calculated as 0.50 from εt and εe, i.e., εi = (εt -εe)/ (1 -εe). The value of εi is the ratio of the pore volume in the separation media to the volume of the separation media. Similarly, solid circles in Fig. 1 indicate plots of the C18-silica monolithic column. The values of εt, εe, and εi were determined as 0.85, 0.69, and 0.50, respectively. As is well known, the value of εe (hence εt) of the C18-silica monolithic column is larger than that of the column packed with C18-silica gel particles.
PR-MA using the C18-silica gel column
According to Eq. (12), (Htotal -Hf) is plotted against u0 in Fig. 2 (open circle) . A linear correlation (solid line) is observed between (Htotal -Hf) and u0. The dashed line illustrates the contribution of the B-term in Eq. (12) to (Htotal -Hf), although it is almost superposed on the horizontal axis because of its small contribution to band broadening. As explained in Eq. (12), the B term is described as 2εeγ1Dm/u0. The values of the three parameters in the numerator were experimentally measured, estimated, and cited from a reference. The value of the B term was calculated with changing that of u0. The range of u0 from 0.059 to 0.18 cm s -1 corresponds to the volumetric flow rate of the mobile phase between 1.0 and 3.0 mL min -1 . As explained from the slope of the solid line. Equation (13) indicates that De is equal to Dp in this study, because the PR experiments were carried out under non-retained conditions, i.e., Ka = 0.
PP-MA using the C18-silica gel column
The pore diffusivity (Dp) was also derived by the PP experiments, which were carried by using benzene and a polystyrene standard (Mw = ca. 3.0 × 10 4 ) as probe compounds. The value of Mw is most close to the intersection point in Fig. 1 . This means that information about the mass transfer in the interparticulate pore space can be obtained by analyzing the band spreading of the polystyrene standard. Because the PP experiments must be carried out under non-retained conditions, THF was used as the mobile phase solvent. 16 On the other hand, broadening of the elution band of benzene was correlated with the mass transfer phenomena in both the interparticulate and intraparticulate pore spaces, because benzene can penetrate into all of the pore spaces in the column. Roughly speaking, it is expected that information about the intraparticle mass transfer can be obtained from the difference in the band spreading behavior of the polystyrene standard (Mw = ca. 3.0 × 10 4 ) and benzene. Figure 3 illustrates linear correlations between the increment of σax,t 2 and tp for the polystyrene standard (open square) and benzene (open circle). The PP experiments using the polystyrene standard take a relatively long time. The slope of the dashed line is smaller than that of the solid line, because of the large molecular weight of the polystyrene standard, i.e., Mw = ca. 3.0 × 10 4 , in comparison with that of benzene. As described in Eq. (14), Dax,t of the polystyrene standard was calculated as 6.7 × 10 -7 cm 2 s -1 from the slope of the dashed line. According to Eqs. (16) and (17), γe was calculated as 0.67 from the Dax,t value because the polystyrene standard cannot penetrate into the intraparticulate pore space and is not retained on the stationary phase (k = 0) when THF is used as the mobile phase solvent. The value of Dm of the polystyrene standard (Mw = ca. 3.0 × 10 4 ) under the same conditions was estimated by Eq. (19) as
The solid line in Fig. 3 is steeper than the dashed line because of the smaller molecular weight of benzene compared with that of the polystyrene standard. The slope of the solid line indicates that Dax,t is 9.1 × 10 -6 cm 2 s -1 . The value of γm in Eq. (17) was calculated as 0.48 from the values of Dax,t and Dm of benzene in THF at 298 K, which was calculated as 2.7 × 10 -5 cm 2 s -1 by using the Wilke-Chang equation. 9 Figure 3 also illustrates a linear correlation between the increment of σax,t 2 and tp for uracil (solid circle). The PP experiments using uracil were carried out in RPLC mode under non-retained conditions. The value of Dax,t of uracil was calculated as 3.5 × 10 -6 cm 2 s -1 from the slope of the dotted line. Another value of γm in Eq. (17) was also calculated as 0.43 from the values of Dax,t and Dm of uracil in 70 vol% methanol at 298 K, which was calculated as 8.2 × 10 -6 cm 2 s -1 by using the Wilke-Chang equation. 9 The similar values of γm were derived from the PP experiments in both the different chromatographic modes under non-retained conditions.
According to Eq. . This value of Dp of uracil, derived on the basis of the PP experiments, is similar to that of Dp measured by the PR experiments, i.e., 7.4 × 10 -7 cm 2 s -1 , which were carried out under the non-retained conditions in RPLC mode using uracil and 70 vol% methanol.
PR-MA using the C18-silica monolith column
In the above sections, it is demonstrated that similar values of Dp can be obtained by the PR and PP experiments using the C18-silica gel column. In the following, similar experiments were carried out by using the C18-silica monolithic column. Figure 4 illustrates the linear correlation between (Htotal -Hf) and u0 (open circle). The contribution of the B-term in Eq. (12) to (Htotal -Hf) is represented by a dashed line. It is indicated that its contribution to band broadening is small (less than ca. 2%) in the flow rate range in this study. The range of u0 from . Figure 5 illustrates the linear correlations between the increment of σax,t 2 and tp for the polystyrene standard (open square) and benzene (open circle). The maximum value of tp was respectively 2 h and 24 h for uracil and the polystyrene standard. However, it seems that the same results of the PP experiments could be obtained when tp is 1 h, and several hours for uracil and the polystyrene standard, respectively. Although the experimental procedure is also time-consuming in the case of the PP method, it is easy to conduct and labor-saving because, in principle, no experimental work is needed during tp. The PP experimental system should be left as it is.
PP-MA using the C18-silica monolith column
Although It seems that the disagreement between the two values of Dp partially results from the estimation error of kf. It is required to estimate kf when Dp is derived from the chromatographic data of μ1 and μ2′ measured by the PR experiments. The accuracy in the determination of Dp is affected by the error in the estimation of kf. In the case of the C18-silica gel column, kf was estimated by the Wilson-Geankoplis equation, i.e., Eq. (9). 8 On the other hand, in the case of the C18-silica monolith, kf was also estimated by Eq. (9) although the Wilson-Geankoplis equation was not proposed for estimating kf of the mass transfer in the external liquid film around cylindrical fibers, such as silica monolithic skeleton. However, to the best of our knowledge, there is no correlation, which can be used for the estimation of kf for the external mass transfer between the surface of the C18-silica monolith and the bulk mobile phase. One of the causes for the difference between the two Dp values of uracil in the C18-silica monolith skeleton derived by the PR-MA and PP-MA methods is probably the error in the estimation of kf. As explained earlier, the moment analysis of the axial dispersion and the external mass transfer in the C18-silica monolithic column was carried out in the same manner with Eqs. (9) and (11), although the shape of silica monolith is fiber rod, rather than spherical particle. It seems that kf was not estimated with sufficient accuracy in the case of the C18-silica monolith. Chromatographic behavior in silica monolithic columns should be studied in more detail because they are widely used. In order to clarify the mass transfer mechanism in the columns, it is required to develop an accurate method for the experimental measurement or numerical estimation of kf in the external film around silica monolith.
In a previous paper, 17 we considered in detail some characteristics and mechanism of external mass transfer around cylindrical skeleton, such as a silica monolith. A procedure for deriving kf was proposed and applied to a RPLC systems using C18-silica monolith. The kf values of butylbenzene at 298 K were derived from peak profiles recorded in PR experiments by subtracting the contributions of several kinetic processes, i.e., axial molecular diffusion, eddy diffusion, pore and surface diffusion, from the peak variance. The experimental values of kf were compared with those estimated from three literature correlations (i.e., Pfeffer equation, Kataoka equation, and Wilson-Geankoplis equation), which were proposed for spherical particles. Because of the difference in the shape of packing materials between spherical particles and cylindrical rods, we considered an equivalent size of the silica skeleton, which is necessary to calculate the Reynolds number and Sherwood number. The external mass transfer should be analyzed by considering the equivalent size of the silica skeleton, rather than the skeleton diameter, because the contact time of the mobile phase percolating the skeleton depends on the contact angle between them. The kf values estimated using the reference correlations were of the same order of magnitude as the experimental kf values. For instance, a relative error was ca. 11% when the Pfeffer equation was used for estimating kf. Although the kf values estimated by the conventional correlations were not significantly different from experimental values of kf, they were not completely in good agreement with each other. It is easily understood that the mobile phase flow around the aggregates of multiple irregular branches of cylindrical rods, randomly ordered and connected with each other, should be more disturbed than the flow around spherical particles. More detailed studies of the external mass transfer around the skeleton of silica monoliths, which have shapes different from that of spherical particles, must be required. In this study, we estimated kf values in the silica monolithic column by using the Wilson-Geankoplis equation because the acquisition of more experimental data is needed for deriving an improved correlation affording more accurate estimates of kf in stationary phases of cylindrical shape, like silica monoliths,
Conclusion
A method based on the PP-MA was proposed for the derivation of Dp. The values of Dp of uracil in both the C18-silica gel particles and the C18-silica monolith were derived by the PP-MA method. They were compared with those of Dp derived by the PR-MA method. In the case of the C18-silica gel particles, the Dp values of uracil derived by the PP-MA and PR-MA methods were almost in agreement with each other. On the other hand, in the case of C18-silica monolith, Dp derived by the PP-MA method was comparable with that by the PR-MA method, although they were not completely in agreement with each other. It seems that the disagreement concerning the Dp values in C18-silica monolith originates from the estimation error of kf in the PR-MA method. There would be no estimation method of kf for the external mass transfer of solute molecules between a mobile phase fluid and the surface of rod-shaped packing materials, like silica monoliths. In conclusion, the method based on the PP-MA method can be used as an alternative for the measurement of Dp.
